Abstract Effects of exogenous acetylcholine on single-unit aortic baroreceptors were studied using a rabbit in vitro aortic arch/aortic nerve preparation. The arch was perfused with Krebs-Henseleit solution at constant pressure while simultaneously recording arch diameter and baroreceptor discharge frequency. Administration of acetylcholine over a wide range of concentrations (10`to 10`mol/L) evoked multiple dosedependent changes in baroreceptor activity. "Low" concentrations (<10-6 mol/L) consistently dilated arch and increased baroreceptor discharge (n=11). These responses were prevented by prerelaxing smooth muscle with sodium nitroprusside (10`mol/L, n=6) and were augmented by precontracting smooth muscle with norepinephrine (0.5 x 10`mol/L, n=11).
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Endothelium-Mediated and Direct Actions of Acetyicholine on Rabbit Aortic Baroreceptors Paul A. Munch Abstract Effects of exogenous acetylcholine on single-unit aortic baroreceptors were studied using a rabbit in vitro aortic arch/aortic nerve preparation. The arch was perfused with Krebs-Henseleit solution at constant pressure while simultaneously recording arch diameter and baroreceptor discharge frequency. Administration of acetylcholine over a wide range of concentrations (10`to 10`mol/L) evoked multiple dosedependent changes in baroreceptor activity. "Low" concentrations (<10-6 mol/L) consistently dilated arch and increased baroreceptor discharge (n=11). These responses were prevented by prerelaxing smooth muscle with sodium nitroprusside (10`mol/L, n=6) and were augmented by precontracting smooth muscle with norepinephrine (0.5 x 10`mol/L, n=11).
Thus, the baroreceptor responses were dependent quantitatively on the level of preexisting vasoactive tone. The responses also were antagonized by atropine (10`mol/L, n=6), which inhibits release of endothelium-derived relaxing factor (EDRF), and byN-monomethyl-L-arginine (10-5 mol/L, n=6), a specific blocker of nitric oxide formation (primary relaxing factor responsible for acetylcholine vasorelaxation). Hexamethonium was ineffective (n=6). These results indicate that "low-dose" responses to acetylcholine were mediated solely by release of EDRF. In contrast, "high" concentrations of acetylcholine (> 10-1 mol/L) constricted arch and reduced baroreceptor discharge in most units (66%). These responses were blocked by atropine, but not by hexamethonium, and were attributed to direct contraction of the smooth muscle. In the remaining baroreceptors (33%), discharge increased irrespective of changes in diameter or preexisting vasoactive tone, but not in the presence of hexamethonium. Therefore, some baroreceptors were stimulated chemically by acetylcholine (or an intermediary substance), probably through activation of nicotinic receptors on the sensory endings. The effects of acetylcholine on the baroreceptor pressure-frequency curve also were examined by injecting slow pressure ramps before and during acetylcholine treatment. Low concentrations that relaxed smooth muscle shifted the curve to lower pressures; high concentrations that contracted smooth muscle shifted the curve to higher pressures. Last, when acetylcholine was given with the diameter rather than the pressure held constant, the baroreceptor reciprocal responses to smooth muscle relaxation and contraction were directionally reversed but remained consistent with the changes in wall tension. In summary, acetylcholine altered baroreceptor discharge through three mechanisms: (1) endothelium-mediated vasorelaxation, which either increased or decreased discharge depending on the directional change in wall tension, (2) direct smooth muscle contraction, which had the opposite effect as relaxation, but only at high concentrations, and (3) chemical activation, which occurred in a minority of baroreceptors and also only at high concentrations. (Circ Res. 1994; 74:422-433.) Key Words * endothelium-derived relaxing factor . vascular smooth muscle * norepinephrine * atropine * hexamethonium * sodium nitroprusside * pressoreceptors O ver the past decade, considerable evidence has demonstrated that the endothelium of blood vessels plays an important role in modulating vasoactive tone.1-3 Recent studies also have shown that arterial baroreceptors, particularly those in the aortic arch, are responsive to changes in vascular tone. [4] [5] [6] Taken together, these observations suggest that the endothelium may be important in determining the discharge characteristics of arterial baroreceptors and, thus, the functional properties of the arterial baroreflex. The influence of the endothelium is of potential physiological significance because it releases substances, such as endothelium-derived relaxant factor (EDRF), in response to normal hemodynamic stimuli that may affect baroreceptor activity, such as increases in arterial pulse pressure or flow.7-10 Furthermore, the endothelium may be an important factor in pathological conditions, such as hypertension and atherosclerosis, in which release of EDRF and the ability of the baroreceptor to respond to pressure are abnormal.3 Since EDRF is released by acetylcholine, a potent vasodilator, the potential effects of acetylcholine on baroreceptor activity were of particular interest.
The effects of acetylcholine also were of interest because cholinergic efferent nerves have been found in the aorta of several mammalian species, which places them in proximity to baroreceptor afferent endings. [15] [16] [17] [18] This anatomic association suggests a possible efferent mechanism for modulating baroreceptor afferent activity. Conceivably, acetylcholine released from efferent varicosities could stimulate the aortic baroreceptors directly or through changes in vasoactive tone. Previous studies have shown that aortic baroreceptors are affected by efferent adrenergic nerves, which also are present in the aorta, and by administration of exogenous norepinephrine. 4 19-21 However, it is not known whether cholinergic nerves have any effect on baroreceptor activity, and only a few studies have injected exogenous acetylcholine into barosensory regions. These studies yielded inconsistent results and lacked measurements of vascular tone, both of which limited the interpretation of the changes in baroreceptor activity. [22] [23] [24] [25] vitro aortic arch/aortic nerve preparation that allowed precise control of the chemical and mechanical stimuli to the baroreceptor endings. The study focused on regularly discharging baroreceptors, because these units generally are active at physiological pressures. To make comparisons with previous studies, acetylcholine was tested over a wide range of concentrations and in the presence of selected pharmacologic blockers.
Materials and Methods The In Vitro Preparation
The in vitro aortic arch/aortic nerve preparation has been described previously in detail.4,2' Briefly, New Zealand White rabbits (1.8 to 2.5 kg, either sex) were anesthetized with sodium pentobarbital (25 to 30 mg/kg) and placed on positivepressure ventilation. The chest and neck were opened along the midline, and the arch and nerve were separated from surrounding tissue. Cannulas were inserted into the descending aorta and either the brachiocephalic or innominate artery, whichever was present (see Reference 26 for variations in anatomy of the rabbit aortic arch). The ascending aorta and all remaining arterial branches were ligated. The nerve was cut as high in the neck as possible, and then the preparation was transferred to a temperature-controlled (37°C) Plexiglas dish. The arch was positioned in its approximate in situ configuration and was covered with warm mineral oil for recording nerve activity. To maintain the preparation, the arch was perfused continuously with Krebs-Henseleit solution, which was pumped through the lumen using a variable-speed roller pump. The perfusate was contained in a large graduated reservoir, prewarmed to 37°C, and equilibrated with a gas mixture of 95% 02 and 5% CO2. The perfusate was pumped through the arch at a constant and pulseless perfusion pressure (except for small pump-generated fluctuations of 1 to 2 mm Hg). The pressure was controlled with an adjustable outflow resistor (an inflatable balloon placed inside the outflow tubing) and was monitored with a strain-gauge transducer connected to a side branch of the perfusion circuit. The outside diameter of the arch was measured using a noncontact photoelectric device described previously.27 This device involved projecting a shadow image of the arch onto a pair of linear photodiode arrays, whose video signals were used to track the edges of the shadow of the vessel. Given the location of the edges and the distance between arrays, diameter was determined with high resolution (+10 gim) and without mechanically loading the vessel wall.
Baroreceptor Recordings
Single-unit baroreceptor recordings were obtained by teasing apart the aortic nerve until a small filament contained one or a few active fibers that responded to pressure. Each filament was tested by briefly raising pressure to :160 mm Hg. Individual baroreceptors were identified on the basis of the reproducibility of their spike waveforms and the regularity of their interspike intervals. This study focused primarily on regularly discharging baroreceptors, since these units typically have lower pressure thresholds than irregular units and thus are more likely to be active at physiological pressures. In addition, the minimal variation in their spike frequency allowed detection of relatively small changes in activity. Baroreceptor recordings were obtained by draping the nerve filaments over bipolar platinum-iridium wire electrodes and then amplifying and filtering the nerve impulses to maximize the signal-tonoise ratio of each baroreceptor. In recordings containing multiple units, spikes from individual baroreceptors were isolated electronically using a dual voltage-and time-dependent window discriminator. However, if individual waveforms were not sufficiently unique, the nerve filament was divided further. The activity of each baroreceptor was quantified in terms of its instantaneous spike frequency, which was calculated electronically as the reciprocal of the interspike interval.
The instantaneous frequency was displayed on a strip-chart recorder along with simultaneous measurements of arch pressure and diameter.
Administration of Drugs
Drugs were administered by adding concentrated solutions directly to the perfusate reservoir. Two reservoirs were used so that solutions could be altered and removed without interrupting temperature, flow, or pressure. The drugs were initially dissolved and serially diluted in small volumes of perfusate (5 to 10 mL), and then concentrated aliquots were added to known volumes of perfusate to yield a final specific molar concentration. During drug testing, pressure generally was held constant (in all but one protocol). This was possible even with vasoactive agents, since the arch was perfused with an open flow-through system, and the pressure was controlled with the outflow resistor. The following drugs were used: sodium nitroprusside, NG-monomethyl-L-arginine (L-NMMA), acetylcholine chloride, DL-norepinephrine, atropine bromide, and hexamethonium bromide (all from Sigma Chemical Co, St Louis, Mo).
Protocols
Before starting each protocol, the perfusion pressure was set above the pressure threshold (Pth) of the individual baroreceptor. This produced a continuous stream of discharge that allowed detection of both increases and decreases in activity. It also allowed the response to be followed continuously during onset and recovery. The Pth of each baroreceptor was determined by inflating the arch with a slow ramp increase in pressure (2 mm Hg/s) from near 0 to -160 mm Hg, or until the discharge was saturated. The perfusion pressure then was set above the measured Pth and within the steepest region of the pressure-discharge relation of the baroreceptor. This ensured that the baroreceptor sensory endings would not only be loaded but would be maximally sensitive to mechanical stimuli. The perfusion pressure also was set sufficiently above Pth (generally by 20 to 40 mm Hg) so that discharge would not stop because of adaptation and acute resetting to the new pressure. These are time-dependent processes that gradually reduce baroreceptor discharge when pressure remains elevated for an extended period (minutes to hours). In previous in vitro studies, adaptation was found to be completed within a few seconds, and acute resetting occurred within 5 to 15 minutes.28,29 Therefore, after adjusting the perfusion pressure, at least 15 minutes was allowed for discharge and diameter to stabilize before starting each protocol.
Responses to Acetylcholine in Preconstricted Arches
Under in vivo conditions, arteries generally possess some degree of active tone, so the first series of experiments examined the effects of acetylcholine in arches preconstricted with norepinephrine. A roughly half-maximal concentration of norepinephrine (0.5 x 10`mol/L) was used so that the arch could either dilate or constrict further in response to acetylcholine. The particular norepinephrine concentration used also was selected because it was below the threshold concentration that has been shown to stimulate aortic baroreceptors directly. 4,20'30 This avoided the possibility that cholinergic responses would be complicated by direct adrenergic stimulation of the baroreceptor endings. When the control recordings were stable, norepinephrine was administered with the pressure held constant. Once the changes in diameter and frequency were fully developed, acetylcholine was then added in the continued presence of norepinephrine. Acetylcholine was tested over a wide range of concentrations (10- 
Responses Mediated by the Endothelium
To determine which baroreceptor responses were mediated by the endothelium, the acetylcholine series was repeated in the presence of atropine bromide, a muscarinic antagonist that blocks the release of EDRF.1 These experiments also were performed at constant pressure in arches preconstricted with norepinephrine. Atropine bromide (10`7 mol/L) was given 10 minutes before and then throughout the sequential administration of norepinephrine (0.5 x 10 mol/L) followed by acetylcholine (10-`to 10`mol/L). The results of these experiments were not conclusive, however, because atropine blocks muscarinic receptors that mediate responses other than the release of EDRF. Therefore, acetylcholine was tested in another group of arches in the presence of L-NMMA, a specific blocker of EDRF. L-NMMA, but not NG-monomethyl-D-arginine, blocks the formation of nitric oxide, the primary relaxant factor responsible for acetylcholine-induced vasodilations.31,32 L-NMMA (10-5 mol/L) was given 10 minutes before and then throughout the sequential administrations of norepinephrine (0.5x10-7 mol/L) followed by acetylcholine (10m ol/L). In this case, to avoid the multiple responses evoked by high acetylcholine concentrations (see "Results"), only a single concentration thought to act solely through release of EDRF was tested. Last, since previous studies have demonstrated that some carotid baroreceptors can be activated by acetylcholine through nicotinic rather than muscarinic receptors,23 the acetylcholine series was also tested in the presence of the nicotinic blocker hexamethonium (10`6 mol/L).
Responses to Acetylcholine at Constant Diameter
In the preceding protocols, pressure was always held constant while diameter was allowed to vary. However, in previous studies, baroreceptor responses to vasoconstrictor agents, such as norepinephrine, were found to be directionally dependent on which parameter was controlled.4 This seemingly should hold true for vasodilator agents as well, such as acetylcholine.
To test this hypothesis, the effects of acetylcholine were examined again, but with the diameter held constant. Before testing acetylcholine, the arch was first constricted with norepinephrine (0.5 x 10 mol/L), as in previous protocols (ie, with the pressure held constant). This established that the baroreceptors in this group responded to vasoconstriction like the baroreceptors in the preceding groups, when tested under similar conditions. Once the norepinephrine responses were fully developed, acetylcholine (10`to mol/L) was tested in the continued presence of norepinephrine while diameter was held at the preconstricted level. This was accomplished by either increasing or decreasing the perfusion pressure just enough to correct the changes in diameter that were due to smooth muscle contraction and relaxation. In essence, the baroreceptor responses were now studied under isometric rather than isotonic conditions.
Effects ofAcetylkholine on the Baroreceptor Pressure-Frequency Curve
The preceding protocols all examined baroreceptor responses to acetylcholine while pressure (or diameter) was held at a single suprathreshold level. In this protocol, the effects of acetylcholine were examined over a wide range of pressures by examining the changes in the overall pressure-frequency relation of the baroreceptor. The relation was constructed by gradually inflating the arch with a slow ramp increase in pressure, as described previously for determining the Plh of the baroreceptor. The relation was constructed first under control conditions and then after perfusing the arch with norepinephrine (0.5 x 10-7 mol/L) followed by acetylcholine in the continued presence of norepinephrine. Two concentrations of acetylcholine were tested. The first (10`6 mol/L) maximally relaxed the smooth muscle through release of EDRF (on the basis of results from preceding protocols); the second (10m ol/L) contracted the smooth muscle directly.
Analysis
The arch and baroreceptor responses to acetylcholine were quantified in terms of the changes in diameter and frequency relative to predrug control values, which were set to zero to normalize data from different preparations. Each response was measured when it was fully developed. The relation between baroreceptor activity and vasoactive tone was examined by comparing the arch and baroreceptor dose-response curves for acetylcholine. The curves were constructed by plotting the mean±SEM changes in diameter and frequency against the negative logarithm of the acetylcholine concentration. Differences between means were evaluated statistically using one-way ANOVA with repeated measures. When the F value was significant, the Bonferroni post hoc test was used to compare means at different concentrations, and the Williams post hoc test was used to compare the mean at each concentration with the control mean.33 In the repeated-measures ANOVA, the Huynh-Feldt adjustment was used to correct for imperfect multisample sphericity.34 All ol/L and the further increase at 10-6 mol/L. In contrast, at "high" concentrations (>10-6 mol/L), the responses to acetylcholine were directionally reversed: the arch constricted, and baroreceptor activity tended to decrease. However, not all baroreceptors responded alike. In 5 of the 11 fibers, discharge decreased with diameter (Fig 1) , but in 4 other fibers, discharge increased regardless of the decrease in diameter. In the 2 remaining fibers, discharge first increased at 10-5 mol/L, despite a modest constriction, and then decreased at 10-4 mol/L when the constriction became larger. Thus, some baroreceptors appeared to be affected by two processes at high concentrations that produced opposite changes in activity. Last, the constrictions sometimes began 2 to 3 minutes after administering the high concentrations, whereas the dilations began 10 to 20 seconds after administering the low concentrations; in two cases, the constrictions at 10-5 mol/L were preceded by slight dilations. Thus, the constrictions appeared to develop more slowly than the dilations, even though they were produced by higher concentrations.
The arch and baroreceptor average dose-response curves for the combined data are shown in choline. Also note that, at high acetylcholine concentrations, the curves differ quantitatively with respect to control levels. Although frequency tended to follow diameter, the average for all units exceeded the control value, whereas average diameter did not. This reflects the contribution of those baroreceptors whose discharge increased irrespective of diameter at high concentrations. However, the increase in frequency above the control value was not statistically significant because of the variability between individual fibers.
Responses to Acetylcholine in Previously Untreated Arches
In another group of 11 baroreceptors from 11 arches, the same acetylcholine concentrations were tested without preconstricting the arch. The evoked responses were qualitatively similar to those in preconstricted arches but were quantitatively smaller. For instance, maximal dilation (at 10 6 mol/L) resulted in an increase in diameter and frequency of only 0.120±0.026 mm and 4±1.2 Hz, respectively, whereas maximal dilation in preconstricted arches (also at 10-6 mol/L) resulted in an increase in diameter and frequency of 0.455 ± 0.064 mm and 13±2 Hz, respectively. Thus, responses in arches with little active tone were approximately threefold to fourfold smaller than in preconstricted arches. At high concentrations, again the arch constricted and BR responses were variable; discharge decreased in three units but increased in five units. In the three remaining units, discharge increased at 10-5 mol/L when the 
The average dose-response curves for these experiments are shown in Fig 3. Again, note that frequency paralleled the change in diameter over the entire dose range but that the changes were substantially less than in preconstricted arches (Fig 2) . Also, when the arch constricted at high concentrations, the average frequency remained higher than would be expected on the basis of the change in diameter, which fell below the control value. This again was due to those baroreceptors whose discharge increased irrespective of diameter at high concentrations.
In addition, four baroreceptors were encountered with relatively high Pth values (91±5 mm Hg on average compared with 52±4 mm Hg for other units in this study). These baroreceptors were not pooled with the other fibers, because higher perfusion pressures were needed to sustain activity (140±7 mm Hg on average compared with 80+4 mm Hg for all other baroreceptors). In two of these preparations, acetylcholine produced little or no change in diameter, because the arch could neither dilate nor constrict in response to acetylcholine because it was nearly fully distended by pressure. Diameter could not be measured in the other cases because the larger optical image exceeded the limits of the recording device.27 These results agreed with previous studies in rats, which showed that vasoactive drugs evoke only small changes in diameter at high pressures.4 At high concentrations, though, baroreceptor activity increased dramatically and transiently, as shown by the example in Fig 4. For combined units, the average frequency at 10-5 mol/L rose from a control level of 9.9± 1.2 Hz up to 13.8±4 Hz. At 10-4 mol/L, frequency then rose transiently to 50.3±17 Hz and then fell rapidly to 27.5±4. 6 Hz, where it remained until the acetylcholine was removed.
Responses to Acetylcholine in Predilated Arches
Responses to acetylcholine in the presence of sodium nitroprusside were studied in six baroreceptors from six arches. The average dose-response curves are shown in Fig 5. Initial administration of sodium nitroprusside dilated the arch to a modest degree, increasing diameter an average of 0.072±0.033 mm. This was sufficient to increase discharge slightly in four of six baroreceptors but not in the remaining two units. When combined, average frequency increased by 1.6+0. 4 Hz. This small response demonstrated that vasorelaxant drugs like sodium nitroprusside have little effect in isolated vessels with little resting tone.
Once the arches were fully relaxed with sodium nitroprusside, subsequent administration of acetylcholine failed to produce the usual increases in diameter and frequency at low concentrations (up to 10-6 molJL) and produced only slight constriction at high concentrations (Fig 5) . However, even though the smooth muscle could not respond, some baroreceptors (n=3) were still activated at the high acetylcholine concentrations, as shown by the example in Fig 6. As a result of these fibers, average frequency for combined units increased to 6.4±3.5 Hz above the control level, but average diameter was not different from control diameter (Fig 5) . The pressure threshold for this unit was 96 mm Hg, which required a perfusion pressure of 156 mm Hg to sustain continuous activity. Note that with the arch nearly fully distended, there was little, if any, diameter response to ACh at all concentrations (10-9 to 10-4 mol/L, administered cumulatively at times indicated by arrowheads). In contrast, baroreceptor frequency increased at 10-5 mol/L and then increased further and transiently at 10-4 molfL, followed by a rapid decline to a still elevated level. Also note the small change in control frequency (at the beginning of the recording) that was due to a small adjustment in pressure, which shows the pressure sensitivity of this fiber.
Responses to Acetylcholine in the Presence of
Selective Pharmacologic Blockade Acetylcholine was tested in the presence of atropine bromide in six baroreceptors from six arches preconstricted with norepinephrine. Atropine bromide alone had no effect on the control diameter and frequency or on the arch and baroreceptor responses to norepinephrine. The responses to acetylcholine, however, were inhibited. The usual increases in diameter and frequency were absent until high concentrations were reached, and there were no constrictions. Thus, the dose-response curves were shifted approximately three log units to the right (Fig 7) . In contrast, hexamethonium, which likewise had no effect on control diameter and frequency or on the arch and baroreceptor responses to norepinephrine, also had no effect on the acetylcholine-induced relaxation and contraction of the smooth muscle and the consequent effects on baroreceptor activity (Fig 8) . In addition, in the presence of hexamethonium, none of the baroreceptors were stimulated in a manner unrelated to diameter, as seen in previous protocols. Thus, at high concentrations (>10m ol/L), the average frequency paralleled diameter and remained consistently below control. In a separate group of six baroreceptors from five preconstricted arches, acetylcholine was tested in the presence of L-NMMA. In each case, L-NMMA prevented the usual increases in diameter and frequency that were consistently produced by acetylcholine (10`7 mol/L) in unblocked arches (Table 1) . Responses to Acetylcholine at Constant Diameter Responses to acetylcholine were examined at constant diameter in eight baroreceptors from four preconstricted arches. The initial norepinephrine preconstriction at constant pressure inhibited baroreceptor activity, as found in previous protocols. This confirmed that, under similar conditions, these baroreceptors responded to vasoconstriction in the same manner as other baroreceptors in this study. After the norepinephrine response was completely developed, diameter was controlled (by changing pressure) while administering acetylcholine. Under these conditions, the baroreceptor responses were directionally opposite the responses at constant pressure (Fig 9) . At low concentrations, discharge decreased in parallel with the reduction in pressure needed to prevent dilation, and at high concentrations, discharge increased in parallel with the elevation in pressure needed to prevent constriction. Thus, baroreceptor activity followed the changes in pressure without any change in dimension. In addition, some baroreceptors (n=2) again were apparently stimulated directly at high concentrations, which resulted in higher than expected frequencies on the basis of the changes in pressure alone. In these units, the frequency at high concentrations exceeded the preacetylcholine level (ie, the norepinephrine level), whereas the pressure remained well below the norepinephrine level. whereas subsequent contraction of smooth muscle with 10`4 mol/L acetylcholine shifted the curve back to the right (in the direction of the norepinephrine curve). Thus, at given pressures, relaxation resulted in higher frequencies, whereas contraction resulted in lower frequencies. The shifts produced by norepinephrine, and by both concentrations of acetylcholine, were directionally consistent with the changes in activity that occurred when the same drugs were tested at a single holding pressure (Fig  2) . Thus dependent on the level of pressure. The shifts also included the threshold region, so that relaxation lowered threshold and contraction raised threshold. These changes for combined units are shown in the top right panel of Fig  10. In addition, the region of the curves below saturation generally shifted in a parallel manner. Although the shape of individual response curves varied somewhat with tone, there was no consistent trend. Thus, for combined units, the slopes of the curves (taken within the steepest region) were not significantly different in the presence of each drug (Fig 10, bottom right panel) . Differences Between Fibers A persistent finding was the activation of some fibers at high concentrations that was unrelated to the mechanical stimulus. The threshold concentration for this effect generally occurred at 10`mol/L (14 fibers) but was lower in some units (10`6 mol/L, 4 fibers) and higher in others (10`mol/L, 3 fibers). The threshold was considered to be the concentration at which frequency rose with little or no change in pressure or diameter (depending on the controlled variable). To determine if there were characteristic differences between these fibers and those whose activity did not rise unexpectedly (or disproportionately), the two groups were compared on the basis of several functional features, namely their Pth, pressure sensitivity (slope of steepest region of pressure-response curve), minimum frequency (at Pth), and maximum frequency (at saturation). As shown in Table 2 , no consistent differences were found with respect to any of these features. There were differences, however, between both groups and the four units studied at high perfusion pressures, which were activated transiently by high acetylcholine. These atypical units had consistently higher Pth values, lower pressure sensitivities, and lower threshold and maximum discharge frequencies (Table 2 ).
Discussion
The results of the present study demonstrate that acetylcholine has multiple effects on regularly discharging, presumably myelinated aortic baroreceptors. These effects are concentration dependent and involve three mechanisms: (1) endothelium-mediated relaxation of local vascular smooth muscle due to release of EDRF, (2) sections. Particular emphasis will be placed on discriminating between direct chemical effects on the baroreceptor endings and indirect mechanical effects mediated by changes in vasoactive tone.
Responses Mediated by the Endothelium
At high acetylcholine concentrations (>10`6 mol/L), the baroreceptor responses were variable because of several competing mechanisms. However, at low concentrations (<10`mol/L), the increase in frequency at constant pressure was a consistent finding and was attributed solely to relaxation of the vascular smooth muscle rather than to chemical activation of the sensory endings. This conclusion is based on several observations. First, the changes in frequency paralleled the changes in diameter. This can be explained by the baroreceptor endings being oriented predominantly in parallel with respect to the vascular smooth muscle, such that they were mechanically loaded by relaxation and unloaded by contraction. A conceptually analogous situation exists in muscle spindles, where the Ta afferent nerves are oriented in parallel with respect to the intrafusal muscle fibers. The changes in baroreceptor activity also were consistent with their response to sodium nitroprusside and norepinephrine: frequency increased with vasodilation and decreased with vasoconstriction. These results agree with other studies of aortic baroreceptors in rats involving other vasoactive agents, such as angiotensin II, substance P, and atrial natriuretic factor.4 6 Second, the baroreceptor responses were temporally and quantitatively related to the changes in diameter. The onset and development of the response followed diameter, and the magnitude depended on the degree of dilation.
For instance, in preconstricted arches (norepinephrine), acetylcholine-induced increases in diameter and frequency were three to four times larger than in untreated arches (no preconstriction). Third, the increases in frequency were prevented if the arch was unable to dilate because of pretreatment with NP. This eliminated the possibility that the baroreceptors were stimulated chemically by acetylcholine (at low concentrations), since a chemical effect would not have been affected. And fourth, the baroreceptor responses were directionally reversed when diameter rather than pressure was held constant, which would be expected if the stimulus to the baroreceptors was mechanical but not if it was chemical. Given that low concentrations increased discharge because of vasorelaxation, the response can be further attributed to release of EDRF. Acetylcholine stimulates the release of EDRF by activating muscarinic receptors on the endothelial cells. When these receptors were blocked with atropine, the usual increases in diameter and frequency were inhibited. Furthermore, when L-NMMA was used to specifically block formation of NO, the primary relaxant factor responsible for acetylcholine vasodilations,31,32 the increases in diameter and frequency were prevented.
Responses Mediated by Smooth Muscle Contraction
At high concentrations, the fall in discharge seen in most fibers was attributed to contraction of the smooth muscle. Frequency tended to parallel the decrease in diameter, which was consistent with the response to diameter when the arch was preconstricted with norepinephrine. Thus, in both cases, the baroreceptors were inhibited because of mechanical unloading. The change in their activity also was reversed when diameter rather than pressure was held constant, which again argues against a chemically mediated response. Finally, the vasoconstrictions were not simply due to depletion of EDRF over time, because they increased in magnitude in a dose-dependent manner and were synchronized with each addition of acetylcholine. These observations would not be expected with gradual depletion. In addition, if EDRF had been depleted, diameter would return toward but not below the control level, yet in previously untreated arches lacking adrenergic tone, diameter fell below control at the highest concentration. Last, other investigators have shown that high acetylcholine concentrations contract vascular smooth muscle even without the endothelium,' so depletion of EDRF was not a factor. Contractions typically occur in rabbit aorta when serial doses of acetylcholine include high concentrations or when acetylcholine is applied to the adventitial surface so that it reaches the smooth muscle before the endothelium. The contractions are mediated by muscarinic receptors on the smooth muscle, and in the presence of atropine bromide, the decreases in diameter and frequency were eliminated. The onset of contraction was slower than the relaxation at lower concentrations, which would be expected with luminal applications, since acetylcholine would reach the endothelium before the smooth muscle.
Direct (Chemical) Stimulation of the Baroreceptor Endings
Although vasoconstriction tended to decrease baroreceptor activity at high concentrations (10`to 10`mol/L), some fibers were stimulated chemically. This was evident by an increase in activity even though there was a fall in diameter. These units were not stimulated mechanically by smooth muscle contracting "in series" with the nerve endings, because these same units were inhibited when the muscle was contracted with norepinephrine. In addition, increases in frequency still occurred when the smooth muscle was unable to contract because of pretreatment with sodium nitroprusside. The direct activation of some fibers resulted in the average frequency for combined units being higher than expected on the basis of the changes in diameter. For instance, when comparing arch and baroreceptor dose-response curves in preconstricted arches (Fig 2) , frequency rose above the control value at 10`mol/L, whereas diameter fell and was significantly below the control value. At 10`4 mol/L, although frequency began to fall, it was still not significantly different from the control value, whereas diameter fell further below the control value. Likewise, in previously unconstricted arches (Fig 3) , average frequency rose at 10m ol/L, whereas the average diameter fell slightly. At Previous studies have examined the effects of exogenous acetylcholine on arterial baroreceptors by injecting large doses of acetylcholine (1 to 1000 gg/mL) into the cat carotid sinus.22-25 Thus, comparisons can be made only at the high concentrations (>10`6 mol/L). In general, earlier studies found that acetylcholine directly activated unmyelinated fibers with slow conduction velocities24 or fibers presumed to be unmyelinated on the basis of their small spike amplitudes and low discharge frequencies.22,23,25 However, acetylcholine had no or inconsistent effects on baroreceptors with large spike amplitudes and high discharge frequencies that were presumably myelinated.22,23,25 Thus, the myelinated fibers appeared to be relatively insensitive to acetylcholine. This agrees with the fact that only a few of the regularly discharging (presumably myelinated) aortic baroreceptors were activated chemically. The largest chemical response occurred in those units with high P,h values, which may have been unmyelinated units. Although they did not discharge irregularly, which is typical of unmyelinated baroreceptors, some unmyelinated fibers exhibit regular discharge patterns.35 However, the vast majority of the aortic baroreceptors were considered to be myelinated fibers, since their discharge characteristics were typical of myelinated fibers, on the basis of previous measurements of conduction velocities. 38 Last, in one earlier study, bidirectional responses were reported for some carotid baroreceptors with large spike amplitudes (presumably myelinated fibers), but the mechanisms could not be resolved without vascular wall measurements.2 One explanation that may now be offered is that these baroreceptors were initially stimulated chemically by acetylcholine and then were inhibited as the smooth muscle slowly contracted.
Although previous studies used very high concentrations, none reported any effect on baroreceptor activity that was associated with relaxation of the smooth muscle or mediated by muscarinic receptors. Furthermore, none reported effects at low concentrations that typically relax vascular smooth muscle through release of EDRF. Although EDRF was not known at the time, one would expect that the changes in baroreceptor activity would have been expressed, even though vascular dimension was not measured. The explanation may lie in the methodology. The carotid sinus preparations were not preconstricted, and the vasomotor nerves were often disrupted, so there was probably little or no initial tone. Consequently, endothelium-mediated relaxations would have had little or no effect on diameter and discharge, as found in the present study when the arch was not preconstricted with norepinephrine. Most previous studies also administered acetylcholine as a close intra-arterial injection, which would have produced a brief high concentration at the site of injection, followed by a rapid decline as the acetylcholine was 
Relations Between Baroreceptor Frequency and Wall Tension
The actual mechanical stimulus that activates arterial baroreceptors is not fully understood. In previous studies, baroreceptor responses to smooth muscle contraction were found to depend directionally on whether the contraction was isotonic or isometric.4 Discharge decreased when pressure was held constant (isotonic) but increased when diameter was held constant (isometric). In the present study, smooth muscle relaxation produced a response opposite that of contraction, but the change in baroreceptor frequency again depended on which parameter was controlled; ie, discharge increased with diameter (at constant pressure) but decreased with pressure (at constant diameter). These results suggest that the primary stimulus to the baroreceptor endings is not pressure or dimension per se but, rather, wall tension. On the basis of the Laplacean relation (tension=pressure x radius/wall thickness) and assuming negligible changes in wall thickness, smooth muscle relaxation increased tension at constant pressure (because of larger diameter) but decreased tension at constant diameter (because of the fall in pressure). The changes in baroreceptor activity, therefore, coincided consistently with the changes in tension but not with pressure or dimension. This is an important finding because, when BR responses to vasoactive drugs are tested, directionally opposite results can be obtained depending on which parameter is controlled.
Physiological Significance
Baroreceptor responses mediated by the endothelium are of potential physiological significance because the endothelium releases vasoactive substances (eg, EDRF and prostacyclin) in response to natural hemodynamic stimuli, such as increases in blood flow or arterial pulse pressure.7-10 These increase the shear stress at the intimal surface, which in turn causes release of EDRF. 3 In large conduit arteries like the aorta, vasodilations can occur in response to both acute and chronic increases in flow.939 If such flow-induced dilations occur during a change in pressure. The additional afferent traffic may then drive the reflex further and result in an enhanced cardiovascular response. Therefore, the present results demonstrate a potential mechanism by which the endothelium may modulate baroreflex function. On the other hand, it is not likely that the increase in mean pressure alone would affect the reflex, since changes in mean pressure without associated changes in flow may not influence, or may actually inhibit, release of EDRF.404' In addition, endothelium-mediated relaxation of the smooth muscle did not alter the slope of the baroreceptor pressure-frequency curves, so the ability of the reflex to respond to rapid fluctuations in pressure would not be affected.
The present results also may improve our understanding of the baroreflex role in cardiovascular diseases, such as chronic hypertension and atherosclerosis. In both cases, baroreceptor responses to pressure and the ability of the endothelium to release EDRF are blunted.3,11-14 Furthermore, the endothelium may release substances besides EDRF that affect baroreceptors but that are not vasoactive. For instance, increases in flow reportedly enhance baroreceptor activity without producing detectable changes in vessel dimension,42 and increases in pressure have been shown to stimulate production of prostacyclin,43 which may "sensitize" carotid baroreceptors.44 These responses could contribute further to endothelial modulation of the baroreflex.
Finally, the efficacy of acetylcholine suggests a possible mechanism by which cholinergic efferent nerves may modulate baroreceptor afferent activity. However, it is not known whether the efferent nerves have any effect on arterial baroreceptors or whether neurogenic acetylcholine would have the same effect as exogenous acetylcholine administered at the luminal surface. This seems unlikely because acetylcholine is rapidly hydrolyzed by local esterases and because the efferent nerves reside outside the media and thus are some distance from the endothelium.17,18 However, applications of acetylcholine to the adventitial surface can cause release of EDRF4546 such that, if sufficient neurogenic acetylcholine crosses the arterial wall, endotheliummediated responses may be possible. With regard to acetylcholine acting directly on the baroreceptor endings or through contraction of local smooth muscle, this may be more likely, given that the efferent nerves are closer to these structures. However, luminal concentrations needed to chemically stimulate the baroreceptors or contract the smooth muscle were quite high. Although the actual concentrations reaching the baroreceptors and smooth muscle were probably lower, it is unknown whether they were within physiological levels. Thus, the possible influence of cholinergic efferents awaits further investigation. Summary
In summary, exogenous acetylcholine can alter the suprathreshold activity of regularly discharging aortic baroreceptors through three dose-dependent mechanisms: (1) endothelium-mediated relaxation of the vascular smooth muscle, which increases or decreases baroreceptor activity depending on directional change in wall tension, (2) direct contraction of the smooth muscle, which has the opposite effect as relaxation, and (3) chemical stimulation, which increases discharge regardless of the mechanical stimulus, but only in some sustained rise in pressure, baroreceptor activity may gradually increase beyond their initial response to the units. These mechanisms may influence baroreceptor activity synergistically or antagonistically; which one predominates will depend on the preexisting vasoactive tone and the concentration of acetylcholine reaching the baroreceptor, smooth muscle, and endothelial cell structures.
